Abstract 6-Phosphofructo-1-kinase, a rate-limiting enzyme of glycolysis, is activated in neoplastic cells by fructose-2,6-bisphosphate (Fru-2,6-BP), a product of four 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase isozymes (PFKFB1-4). The inducible PFKFB3 isozyme is constitutively expressed by neoplastic cells and required for the high glycolytic rate and anchorage-independent growth of ras-transformed cells. We report herein the computational identification of a small-molecule inhibitor of PFKFB3, 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), which suppresses glycolytic flux and is cytostatic to neoplastic cells. 3PO inhibits recombinant PFKFB3 activity, suppresses glucose uptake, and decreases the intracellular concentration of Fru-2,6-BP, lactate, ATP, NAD + , and NADH. 3PO markedly attenuates the proliferation of several human malignant hematopoietic and adenocarcinoma cell lines (IC 50 , 1.4-24 Mmol/L) and is selectively cytostatic to rastransformed human bronchial epithelial cells relative to normal human bronchial epithelial cells. The PFKFB3 enzyme is an essential molecular target of 3PO because transformed cells are rendered resistant to 3PO by ectopic expression of PFKFB3 and sensitive to 3PO by heterozygotic genomic deletion of PFKFB3. Importantly, i.p. administration of 3PO (0.07 mg/g) to tumor-bearing mice markedly reduces the intracellular concentration of Fru-2,6-BP, glucose uptake, and growth of established tumors in vivo. Taken together, these data support the clinical development of 3PO and other PFKFB3 inhibitors as chemotherapeutic agents.
Introduction
Neoplastic transformation causes a marked increase in glucose uptake and catabolic conversion to lactate, which forms the basis for the most specific cancer diagnostic examination-positron emission tomography of 2-18 Ffluoro-2-deoxyglucose ( 18 F-2-DG) uptake (1) . The protein products of several oncogenes directly increase glycolytic flux even under normoxic conditions, a phenomenon originally termed the Warburg effect (2, 3) . For example, c-myc is a transcription factor that promotes the expression of glycolytic enzyme mRNAs, and its expression is increased in several human cancers regardless of the oxygen pressure (4, 5) . Understanding the precise effectors of common oncogenes that regulate the metabolic shifts required for neoplastic growth and survival should introduce a plethora of metabolic targets for the development of antineoplastic agents.
Recently, the ras signaling pathway has been invoked as a central regulator of the glycolytic phenotype of cancer (6 -9) . Stable transfection of an oncogenic allele of H-ras into immortalized cells increases glucose uptake, lactate secretion, and sensitivity to glycolytic inhibitors (8, 10, 11) . Oncogenic ras signaling causes the activation of 6-phosphofructo-1-kinase (PFK-1), the first irreversible and committed step of glycolysis (10) . The increase in the activity of PFK-1 by ras is due in part to an increase in the steady-state concentration of a potent PFK-1 allosteric activator, fructose-2,6-bisphosphate (Fru-2,6-BP; Fig. 1 ; ref. 10). Fru-2,6-BP relieves the tonic allosteric inhibition of PFK-1 caused by ATP, allowing untethered glycolytic flux through the PFK-1 checkpoint and into anabolic pathways required for growth (12) . That ras increases Fru-2,6-BP in immortalized cells to increase glycolytic flux indicates that this particular metabolic regulatory pathway may be essential for neoplastic transformation.
The steady-state concentration of Fru-2,6-BP is controlled by a family of bifunctional 6-phosphofructo-2-kinase/ fructose-2,6-bisphosphatases (PFK-2/FBPases), which are encoded by four genes PFKFB1-4 (13) . An inducible isoform of PFK-2/FBPase encoded by the PFKFB3 gene (termed the PFKFB3 isozyme; initially reported as iPFK2, placental PFK2, ubiquitous PFK2, and PGR1; refs. 14 -17) is up-regulated by inflammatory and hypoxic stimuli and contains an oncogene-like AU-rich element in the 3 ¶-untranslated region (14, 18) . The PFKFB3 isozyme is overexpressed by leukemias as well as by colon, prostate, lung, breast, pancreas, thyroid, and ovarian tumors and is required for the growth of certain leukemia and cervical cancer cell lines (14, 19, 20) . Taken together, these observations indicate that among the family of four PFK-2/FBPases, the PFKFB3 isozyme may prove to be an important metabolic effector supporting neoplastic transformation.
The expression of the PFKFB3 isozyme was recently observed to be increased on immortalization and transformation of normal human bronchial epithelial (NHBE) cells (21) . In addition, heterozygous PFKFB3 +/À mouse fibroblasts immortalized and transformed with large T antigen and H-ras V12 maintain a reduced intracellular concentration of Fru-2,6-BP, which suppresses glycolytic flux to lactate relative to wild-type control fibroblasts. This glycolytic deficit in turn attenuates anchorage-independent growth in soft agar and the growth and glucose uptake of tumors in mice (21) . Based on these observations, smallmolecule inhibitors that target the substrate-binding domain of the PFKFB3 isozyme may prove useful as novel antineoplastic agents.
We report herein the identification and characterization of a novel inhibitor of the PFKFB3 isozyme. Using computational modeling and virtual screening of chemical databases, we identified a PFKFB3 isozyme inhibitor, compound 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), which (a) decreases intracellular Fru-2,6-BP and suppresses glycolytic flux in transformed cells; (b) is selectively cytostatic to ras-transformed cells; (c) suppresses tumorigenic growth of breast adenocarcinoma, leukemia, and lung adenocarcinoma cells in vivo and; (d) reduces Fru-2,6-BP production and 18 F-2-DG uptake by tumors in situ. Importantly, the cytostatic effects of 3PO are increased when intracellular Fru-2,6-BP is reduced and suppressed when intracellular Fru-2,6-BP is increased. Taken together, these data provide the first direct evidence that the identification of small-molecule inhibitors of the PFK-2/FBPases may be an important new avenue for the development of novel chemotherapeutic agents.
Materials and Methods

PFKFB3 Molecular Modeling and Compound Screen
The PFKFB3 homology model used the X-ray structure of the rat testes PFKFB4 (PDB code 1BIF) isozyme as a structural template. An alignment was generated using Clustal W (22) . Four homology models were generated using Modeller (23) , and the structure that best reproduced the PFKFB3 binding site (14, 24) was selected for further use. The residues essential to ligand binding and protein activity for PFKFB3 (14, 24) were correlated to equivalent residue numbers in the consensus structure. The model was read into InsightII (Accelrys), and three of the essential residues, Arg 66 , Tyr 161 , and Thr 94 , were selected as the centroid target for the virtual screening runs. We used the Ludi (Accelrys) virtual screening program to process the ChemNavigator iResearch Library (ChemNavigator). Oncogenic ras increases the expression and activity of PFKFB3, which produces Fru-2,6-BP, an allosteric activator of PFK-1. High PFK-1 activity causes increased glycolytic flux, allowing for the increased production of the macromolecules (RNA, DNA, amino acids, fatty acids, etc.) and energy (NADH and ATP) necessary for enhanced cellular proliferation. Because glycolysis, the tricarboxylic acid cycle and electron transport are tightly coupled through NAD + / NADH, disruption of any of these pathways will result in diminished anabolism and energy production, ultimately leading to suppression of growth. F-1,6-BP, fructose-1,6-bisphosphate; DHA, dihydroxyacetone; G3P, glyceraldehyde-3-phosphate; PRPP, 5-phospho-D-ribosyl-1-pyrophosphate.
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analyzed by visual inspection in the active site of the protein. Ligands that were docked correctly in the active pocket were catalogued according to the target and library used for screening. The highest scoring 200 molecules were identified for purchase using Scifinder Scholar and the top 45 were selected for potential experimental assays. All computational work and virtual screening was done in the James Graham Brown Cancer Center Molecular Modeling Facility using a 32-processor SGI Origin 2000 server. The 13 compounds listed below were commercially purchased and examined for inhibitory effects on both Jurkat T cell proliferation and recombinant PFKFB3 activity.
PFKFB3 Cloning, Expression, and Purification Human PFKFB3 cDNA was amplified from a preexisting mammalian expression plasmid, and the PCR product was subcloned into the pET-30b(+) vector (Novagen). The pET30b(+)-PFKFB3C-termHis plasmid was subsequently transformed into BL21 (DE3) Escherichia coli competent cells (Novagen). For expression and purification of PFKFB3, a 1 L culture of BL21-PFKFB3 transformed cells was shaken for 16 h at 37jC. After 16 h, an additional 1 L Luria-Bertani medium containing 2 mmol/L isopropyl-h-D-thiogalactopyranoside (final concentration, 1 mmol/L) was added to the culture and shaken for 4 h at 30jC. Bacteria were collected by centrifugation, and protein purification was done as described in the Qiaexpressionist protocol under native conditions (Qiagen). For further purification, elution fractions were dialyzed against a 20 mmol/L Tris-HCl, 200 mmol/L NaCl (pH 7.4) buffer and subjected to gel filtration via Sephadex S200 columns (Amersham).
PFKFB3 Enzymatic Assays PFKFB3 protein activity was measured by an enzymecoupled kinetics assay incorporating pyruvate kinase and lactate dehydrogenase as described previously (25) . Control reactions for 3PO inhibition contained increasing amounts of 3PO without addition of PFKFB3. The enzyme kinetics module for SigmaPlot 9.0 was used to calculate the kinetic variables for PFKFB3 and 3PO inhibition (V max , K m , and K i ). The data represented are the mean F SD from triplicate measurements from two independent experiments.
Generation of FLAG-PFKFB3 Construct forMammalian Expression FLAG-PFKFB3 containing the complete PFKFB3 coding sequence and FLAG epitope at its NH 2 terminus was subcloned into the BamHI/HindIII restriction sites within the retroviral Tet response vector pRevTRE (Clontech). Recombinant retrovirus was produced by Lipofectaminemediated (Invitrogen) transfection of the pRevTRE-FLAG-PFKFB3 construct into PT67 packaging cell lines. To create Jurkat cell lines that have stably integrated and express inducible FLAG-PFKFB3, the cells were infected with recombinant retrovirus containing FLAG-PFKFB3, and stable clones were selected in the presence of 400 Ag/mL hygromycin (Clontech).
Cell Culture The K562, HL-60, MDA-MB231, and melanoma (CRL-11174) human cancer cell lines were purchased from American Type Culture Collection. HeLa, Lewis lung carcinoma, MDA-MB231, melanoma, and PFKFB3 +/+ or PFKFB3 +/À fibroblast cells (21) were grown in DMEM (Hyclone) supplemented with 10% fetal bovine serum (Hyclone) and 50 Ag/mL gentamicin sulfate (Invitrogen). The HL-60, K562, and Jurkat cell lines were grown in RPMI 1640 (Hyclone) supplemented with 10% fetal bovine serum and 50 Ag/mL gentamicin sulfate. The Jurkat FLAG-PFKFB3 cell line was propagated in RPMI 1640 supplemented with 10% fetal bovine serum, 50 Ag/mL gentamicin sulfate, and 400 Ag/mL hygromycin. The primary NHBE and the NHBE-hT/LT/ras cells were cultured in bronchial epithelial growth medium (Cambrex) with supplements described previously (21) . All cell lines were maintained at 5% CO 2 at 37jC.
Cell Cycle Analysis and Flow Cytometry Jurkat cells were plated at 1 Â 10 5 /mL in RPMI 1640 supplemented with 10% fetal bovine serum and 50 Ag/mL gentamicin sulfate. Cells were immediately treated with vehicle or 10 Amol/L 3PO for 0, 4, 8, 16, 24, or 36 h. Cell cycle analysis was done according to the manufacturer's protocol using Vybrant DyeCycle Orange stain (Molecular Probes/Invitrogen). The flow cytometric analysis was done by the flow cytometry laboratory within the Tumor Immunology Program at the University of Louisville James Graham Brown Cancer Center.
Fru-2,6-BP and Lactate Measurements Jurkat cells were plated at 1 Â 10 5 /mL and immediately incubated with 10 Amol/L 3PO for 0, 4, 8, 16, 24, or 36 h. Media samples were collected and lactate levels were measured using a lactate oxidase-based colorimetric assay read at 540 nm according to the manufacturer's instructions (Trinity) and normalized to protein concentration. Fru-2,6-BP assays were done as described previously (26) .
2-Deoxyglucose Uptake Jurkat cells were plated at 1 Â 10 5 /mL in RPMI 1640 supplemented with 10% fetal bovine serum and 50 Ag/mL gentamicin sulfate. Cells were immediately treated with vehicle or 10 Amol/L 3PO for the indicated time periods and subsequently placed in glucose-free RPMI 1640 for 30 min.
14 C-2-deoxyglucose (0.25 ACi/mL; Perkin Elmer) was added for an additional 60 min and cells were then washed three with ice-cold RPMI 1640 containing no glucose. Cell lysates were collected in 500 AL of 0.1% SDS, and scintillation counts (counts/min) were measured on 400 AL of lysate. Counts were normalized to protein concentration, and data are represented as mean F SD from duplicate measurements from two independent experiments. Whole-Cell ATP, NAD + , and NADH Determination Jurkat cells were plated at 1 Â 10 5 /mL and immediately incubated with 10 Amol/L 3PO for the indicated time periods. ATP levels were determined using the ATP determination kit according to the manufacture's protocol (Molecular Probes/Invitrogen) and NAD + and NADH levels were measured using the EnzyChrom NAD + / NADH assay kit (BioAssay Systems) on 1 Â 10 6 cells for both vehicle and 3PO-treated samples at all time points.
Metabolite Ex traction for Nuclear Magnetic Resonance
Jurkat cells were treated with vehicle or 10 Amol/L 3PO in the presence of 13 C-glucose for 36 h. The cells were counted and equal numbers of cells were pelleted, washed twice with cold PBS to remove adhering medium, and flash frozen in liquid N 2 . The cold pellet was extracted with 10% ice-cold trichloroacetic acid (twice) followed by lyophilization. Dry extract was redissolved in 0.35 mL D 2 O and loaded into a 5 mm Shigemi tube.
Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) spectra were recorded at 14.1 T on Varian Inova NMR spectrometer at 20jC using a 90j excitation pulse. For analyzing the extracts and determining the positional enrichment with 13 C, two-dimensional experiments were used, including TOCSY and HSQC. Metabolites were assigned based on their 1 H and 13 C chemical shifts and TOCSY connectivity pattern. All metabolites were quantified by integration of the NMR spectra in the TOCSY experiment. The NMR experiments were done by the Structural Biology Program's NMR Core at the University of Louisville James Graham Brown Cancer Center.
Protein Extraction and Western Blot Analysis Protein extraction and Western blots were done as described previously (21) . Blots were probed for PFKFB3, stripped, and subsequently reprobed for h-actin using anti-PFKFB3 (Abgent) and anti-h-actin (Sigma), respectively.
In vitro 3PO Growth Inhibition All cell lines were plated at 1 Â 10 5 /mL in the appropriate medium. For suspension cells, 3PO was added immediately to the medium, whereas 3PO treatment was initiated the following day for adherent cell lines. For dosedependent experiments, 3PO was added in increasing concentrations for 36 h. as determined by molecular modeling. The model is illustrated in secondary structure with 3PO in its respective binding site (rods ). B, molecular structure of 3PO (MW, 210 kDa). C, side and end views of the PFKFB3 binding pocket showing residues that are within 2.5Å. 3PO is shown in thicker stick representation than the surrounding protein residues. The fold of PFKFB3 is shown as a cyan ribbon. D, in vitro recombinant enzyme assays using purified PFKFB3 were done as described in Materials and Methods. Shown are Michaelis-Menten and Lineweaver-Burke double reciprocal plots examining PFKFB3 enzyme activity as a function of Fru-6-P concentration (60, 80, 160, 240, 320, and 400 Amol/L). Kinase assays were done in the presence or absence of 60, 100, and 150 Amol/L 3PO. Mean F SD of three independent experiments. FLAG-PFKFB3 expression vector or a control plasmid were induced by addition of doxycycline (1 Ag/mL; Clontech) 24 h before 3PO incubation. Cells were then collected 48 h after treatment, and cell number and viability were determined by trypan blue exclusion. IC 50 s were calculated as the 3PO concentration needed for 50% of vehicle-treated cell growth. The data represented are the mean F SD from triplicate measurements from three independent experiments.
In vivo Studies Exponentially growing MDA-MB231 and HL-60 cells were collected, washed, and resuspended in PBS at 20 Â Inhibition of PFK-2 Activity Decreases Tumor Growth vehicle control or 3PO-treated groups. Vehicle control groups received i.p. injections of 50 AL DMSO, whereas treated groups received 0.07 mg/g 3PO in 50 AL DMSO at the indicated time points. All tumor experiments were conducted three times and the data presented are from one experiment. All protocols were approved by the University of Louisville Institutional Animal Care and Use Committee.
In vivo Fru-2,6-BP Measurement C57Bl/6 female mice (20 g) were injected s.c. with 1 Â 10 6
Lewis lung carcinoma cells. When xenografts were measured to have a mass of 150 to 180 mg, mice were randomized and given i.p. injections of vehicle DMSO or 0.07 mg/g 3PO. Four hours after injection, tumors were removed and homogenized in 1 volume of 0.05 mol/L NaOH and subsequently mixed with 1 volume of 0.1 mol/L NaOH. Fru-2,6-BP assays were done as described previously (26) .
Micro-Positron EmissionTomography
Lewis lung carcinoma xenograft-bearing mice were given i.p. injections of 50 AL DMSO or 0.07 mg/g 3PO in DMSO. After 30 min, mice were injected i.p. with 18 F-2-DG (150 ACi, 100 AL in H 2 O) and subsequently anesthetized after 15 min with 2% isoflurane in oxygen. The mice were then transferred to a R-4 Rodent Scanner micro-positron emission tomography (CTI Concorde Microsystems; n = 3). Echocardiography Echocardiograms were done by the University of Louisville Institute of Molecular Cardiology as described previously (28) .
Statistics Statistical significance for the growth inhibition and in vivo studies between control and 3PO treatment was determined by a two-sample, nonparametric, two-tailed t test using Graph Pad Prism version 3.0 (Graph Pad Software). P < 0.05 was considered to be statistically significant, and actual P values are shown with corresponding results.
Results
Homology Modeling of the PFKFB3 Protein and Virtual Screening for Small-Molecule Inhibitors of PFKFB3 Activity
We generated a homology model of the PFKFB3 isozyme to obtain structural information regarding the fructose-6-phosphate (Fru-6-P) binding sites. The computational model was developed using the X-ray structure of the rat testes PFKFB4 isozyme as the input homologue sequence and structural template. Figure 2A illustrates the final PFKFB3 structural model with particular attention to the residues involved in 3PO binding. The ChemNavigator iResearch Library then was screened for potential PFKFB3 binding compounds using the docking program Ludi and 45 compounds that have the potential to bind the Fru-6-P binding site were identified, scored, and ranked based on their interacting potential.
Small-Molecule Inhibition of Recombinant PFKFB3
We examined the 13 best-score compounds for their ability to inhibit recombinant PFKFB3 isozyme activity and identified a single compound, 3PO, which suppresses the basal enzymatic activity of the PFKFB3 isozyme (Fig. 2B-D) . Compound 3PO causes a dose-dependent decrease in the PFK-2 activity of the PFKFB3 isozyme at low concentrations of Fru-6-P, which is overcome by Fru-6-P, suggesting competition between 3PO and Fru-6-P for the PFKFB3 protein binding site (Fig. 2D) . However, Lineweaver-Burke double reciprocal plot analyses of the effects of 3PO on PFK-2 activity show that 3PO inhibits through a mixed inhibition mechanism, both competitive and uncompetitive inhibition (Fig. 2D) . The specific PFK-2 activity of the recombinant PFKFB3 protein is 277 F 9 nmol Fru-6-P Â min À1 Â mg
À1
, the K m for Fru-6-P is 97 Amol/L, and the K i for 3PO inhibition is 25 F 9 Amol/L. Importantly, 3PO does not inhibit purified PFK-1 activity (data not shown). These studies confirm that 3PO is an inhibitor of the PFKFB3 isozyme primarily through competition with Fru-6-P and that computational targeting of the PFKFB3 substrate binding site for competitive inhibitors is a valid method for the identification of small-molecule inhibitors of PFK-2/ FBPases.
3PO Causes G 2 -M Phase Arrest, Which Is Preceded by Decreased Fru-2,6-BP and Glucose Uptake
We examined the effects of compound 3PO on the proliferation of Jurkat T cell leukemia cells and found that as little as 0.3 Amol/L 3PO caused a decrease in cell proliferation and that 10 Amol/L 3PO completely inhibited proliferation over 36 h (Fig. 3A) . The suppression of cell proliferation was the result of a G 2 -M phase cell cycle arrest as determined by propidium iodide staining (Fig. 3B) . We next inspected the effects of 10 Amol/L 3PO on Fru-2,6-BP, 2-deoxyglucose (2-DG) uptake, and lactate secretion and found that 2-DG uptake and Fru-2,6-BP were markedly reduced within 4 h of exposure (Fig. 3C ). These metabolic changes were followed by a decrease in lactate secretion ( Fig. 3C; 8 h) , NADH ( Fig. 3C; 16 h ), NAD + ( Fig. 3C ; 24 h), and ATP ( Fig. 3C; 24 h ). We then confirmed that direct glycolytic flux to lactate was suppressed by pulsing the Jurkat cells with fully labeled 13 C-glucose during 10 Amol/L 3PO exposure and examining the fate of the 13 C atoms by NMR spectroscopy (Fig. 3D) .
Cytostatic and Cytotoxic Effects of Compound 3PO
We measured the growth and survival of several transformed cells in the presence of vehicle or 3PO and found that all examined solid tumor and hematologic cell lines were sensitive to the cytostatic effects of 3PO ( Fig. 4A ; IC 50 , 1.4-24 Amol/L). We also examined the effects of 3PO on the growth of primary NHBE cells and NHBE cells that have been immortalized and transformed with telomerase (hT), large T antigen (LT), and H-ras V12 (hT/LT/ras cells; ref. 21 ) and found that hT/LT/ras cells are more sensitive to 3PO (Fig. 4B) . We speculate that this increased sensitivity may be due partly to the low steadystate intracellular concentration of Fru-2,6-BP in hT/LT/ ras cells (2.1 F 0.6 pmol/mg protein) relative to NHBE cells (11.3 F 1.6 pmol/mg protein). The low intracellular Fru-2,6-BP coupled with an increased need for high PFK-1 flux may cause ras-transformed cells to be particularly sensitive to the PFKFB3 inhibitory properties of 3PO.
Reduced Intracellular Fru-2,6-BP Sensitizes Cells to Compound 3PO
To examine the role of the PFK-2/FBPases as potential targets of 3PO, we manipulated the protein expression of the PFKFB3 isozyme and then examined the effect on the antigrowth properties of 3PO. If the PFK-2/FBPases are the authentic targets of 3PO, then cells that are genetically manipulated to express decreased PFKFB3 and thus less Fru-2,6-BP should be more sensitive to compound 3PO. As shown in Fig. 5A Fig. 5B ).
Ectopic Expression of PFKFB3 in Jurkat T Cell Leukemia Cells Confers 3PO Resistance
If compound 3PO slows growth through inhibition of PFK-2 activity, then ectopic expression of the PFKFB3 isozyme may thwart the cytostatic activity of 3PO. We used the Tet-On two-vector system to transiently induce PFKFB3 protein expression with doxycycline and then exposed the cells to 3PO. We found that doxycycline-induced ectopic expression of PFKFB3 protein increased intracellular Fru-2,6-BP ( Fig. 5C ; vector control, 9.2 F 0.95 pmol/mg; +PFKFB3, 38.1 F 3.4 pmol/mg) and protected the Jurkat cells from the cytostatic effects of 3PO ( Fig. 5D ; vector alone, IC 50 , 8.9 Amol/L; +PFKFB3, IC 50 , 19.3 Amol/L). The coupled observations that genomic deletion of PFKFB3 sensitizes cells to compound 3PO and ectopic expression of the PFKFB3 isozyme confers resistance to 3PO substantially support the targeting of intracellular PFK-2 activity as the mechanism of action of 3PO.
Compound 3PO Administration Inhibits the Growth of Established Tumors in Mice
To investigate the ability of compound 3PO to suppress tumor growth in vivo, we conducted a dose escalation toxicity trial in C57Bl/6 mice and found that an i.p. dose of 0.07 mg/g daily was well tolerated and caused no adverse effects. We selected three xenograft models of tumorigenesis: (a) Lewis lung carcinoma in C57Bl/6 mice, (b) MDA-MB231 breast adenocarcinoma cells in athymic mice, and (c) HL-60 promyelocytic leukemia cells in athymic mice. We chose to examine the efficacy of compound 3PO against established tumors as opposed to the initial outgrowth of injected transformed cells, because we anticipate that phase I clinical trials will be conducted in patients with established tumors rather than in the adjuvant setting. In the first tumor model, C57Bl/6 mice bearing established Lewis lung carcinomas were given i.p. injections of either DMSO or 0.07 mg/g 3PO in DMSO once daily for 14 days. Compound 3PO significantly suppressed the growth of Lewis lung carcinoma xenografts compared with the DMSO control group (Fig. 6A) . In the second model, MDA-MB231 human breast adenocarcinoma tumors were established in BALB/c athymic mice and the administration frequency was reduced to a cyclic regimen of three daily doses followed by 3 days of no drug administration. Surprisingly, we observed total inhibition of xenograft tumorigenic growth of MDA-MB231 cells compared with the DMSO controls (Fig. 6B ). The third model of tumorigenesis consisted of HL-60 leukemia cell xenografts established in BALB/c athymic mice. In this model, we further reduced the treatment schedule to a regimen of two daily injections followed by 7 consecutive days of no injections. As shown in Fig. 6C , 3PO treatment given daily twice every 9 days significantly inhibited HL-60 tumor growth. Interestingly, the efficacy of the second administration cycle is easily appreciated by the reduction in growth seen after treatment on day 9. Taken together, these data indicate that selective suppression of intracellular PFK-2 activity may prove useful as an antineoplastic strategy.
Compound 3PO Decreases Fru-2,6-BP and Glucose Uptake In vivo
We examined the Fru-2,6-BP concentration in established xenografts after i.p. injection of vehicle DMSO or 0.07 mg/g 3PO. Compound 3PO treatment significantly reduced Fru-2,6-BP in tumor xenografts in vivo compared with vehicle control (vehicle: 13.1 F 1.9 pmol/mg, 3PO: 8.5 F 1.7 pmol/mg). To investigate the effect of 3PO treatment on glucose uptake, we conducted micro-positron emission tomography analysis on xenograft-bearing mice after C57Bl/6 mice. Experimental mice were given repeated daily injections of DMSO (n = 11) or 3PO (n = 14) for the entire duration of the study (14 d). P < 0.0003, statistically significant difference between DMSO and 3PO groups obtained after initial injection (Day 2 ). B, BALB/c athymic mice with established MDA-MB231 breast adenocarcinoma xenografts were given a cyclical dosing regiment of three sequential daily injections of either DMSO or 3PO followed by 3 off days for the duration of the study (14 d). P < 0.0001, statistical difference between the DMSO control (n = 14) and 3PO experimental (n = 13) groups observed on day 2. C, HL-60 acute promyelocytic leukemia xenografts were established in BALB/ c athymic mice. Mice were given a cyclical regimen of two daily injections of DMSO or 3PO with a subsequent 7-d rest period for a total of 14 d. P < 0.0001, statistical difference obtained after initial injection between DMSO (n = 11) and 3PO (n = 12) treatment groups. administration of either vehicle or 0.07 mg/g 3PO. As illustrated in Fig. 7 , 3PO treatment diminished 18 F-2-DG uptake within the xenograft compared with the DMSOtreated mouse. We also observed a difference in cardiac 18 F-2-DG uptake between the treated and the untreated mice and speculated that targeting of PFK-2/FBPases may prove to be cardiotoxic. However, echocardiographic examination of cardiac function revealed no acute changes in ejection fraction (DMSO: 69 F 4%, +3PO: 71 F 6%).
Discussion
Pharmacologic disruption of glycolysis has emerged as a novel antineoplastic strategy due to the observations that tumor cells metabolize glucose more rapidly than adjacent normal cells and are more sensitive to glucose deprivation (29) . 3-Bromopyruvate and 2-DG are two well-studied examples of compounds that inhibit the first irreversible enzyme of glycolysis, hexokinase, and suppress tumor growth in vivo (30 -32) . Interestingly, several recently developed chemotherapeutic agents that target oncogene protein products have been found to function in part by suppressing the glucose metabolism of transformed cells. For example, the BCR/ABL inhibitor Imatinib (Gleevec) and farnesyl transferase inhibitors that disrupt ras signaling both depress glycolysis at doses below that required for cell death (6, 33) . Taken together, these observations support the clinical development of antiglycolytic agents as novel chemotherapeutic agents.
Although PFK-1 is the second irreversible enzyme in glycolysis and is increased in neoplastic tissues and transformed cells (10, 34, 35) , PFK-1 inhibitors that suppress tumor growth have not yet been identified. PFK-1 activity is dependent on the intracellular concentration of Fru-2,6-BP generated by the PFK-2/FBPase family of enzymes (encoded by the genes PFKFB1-4) and neoplastic cells may be especially sensitive to PFK-2 inhibition given their need for increased glycolysis. In this report, we describe the identification and initial characterization of the first smallmolecule inhibitor of the inducible PFK-2/FBPase isozyme (PFKFB3) that not only is selectively cytostatic to transformed cells (IC 50 , 1.4-24 Amol/L) but also suppresses the growth of three established tumor types in mice. Although optimization of the 3PO structure will likely lead to more active derivatives, several successful chemotherapies display surprisingly high median IC 50 s for cancer cells [e.g., paclitaxel mean IC 50 23 Amol/L in 28 lung cancer cell lines (36) , cyclophosphamide IC 50 10.0 mmol/L in MCF-7 breast adenocarcinoma cells (37) , and oxaloplatin mean IC 50 4 Amol/L in two colon adenocarcinoma cell lines (38) ]. Accordingly, compound 3PO has cytostatic activities that are within the realm of the activities of preexisting chemotherapeutic agents currently in widespread use.
The observations that 3PO decreases intracellular Fru-2,6-BP, 2-DG uptake, and lactate secretion before G 2 -M phase arrest provide substantial corollary support for the hypothesis that 3PO inhibits cellular proliferation through disruption of energetic and anabolic metabolism. The G 2 -M arrest caused by 3PO may be secondary to the high requirement for ATP during the G 2 -M phase of the cell cycle as has been observed previously in HL-60 promyelocytic leukemia cells (39) . NMR spectroscopic tracking of 13 C-glucose revealed suppression of glycolytic flux into lactate but not alanine. Alanine and lactate share the same pyruvate pool, but glucose-derived lactate production may be especially affected by inhibition of glycolysis because lactate dehydrogenase requires a ready supply of NADH, a product of glycolytic flux through glyceraldehyde-3-phosphate dehydrogenase. In previous studies, we showed that heterozygotic genomic deletion of the molecular target of 3PO, PFKFB3, specifically inhibits both glycolysis and anchorage-independent spheroid growth of ras-transformed lung fibroblasts (21) . Based on these studies, we speculate that transformed cells may be distinctly sensitive to inhibition of glycolytic flux when oxygen and glucose diffusion limitations are caused by surrounding cells in Figure 7 . Compound 3PO treatment reduces in situ glucose uptake in tumor xenografts. 18 F-2-DG uptake in mice bearing Lewis lung carcinoma xenografts were analyzed as described in Materials and Methods. The procedures were done on three sets of animals with similar tumor masses (150-180 mg) treated with DMSO or 0.07 mg/g 3PO. Micro-positron emission tomography images of 18 F-2DG uptake within a representative mouse pair. Arrows, position of the heart and the tumor xenograft within the right flank of a single animal pre-and post-administration of 3PO.
three-dimensional masses. Importantly, increased glycolysis is essential for neoplastic survival and growth and we anticipate that 3PO may yield synergistic antineoplastic effects in combination with other chemotherapeutic agents and/or ionizing irradiation.
Although compound 3PO does not directly inhibit recombinant PFK-1 activity, we have not ruled out the possibility that 3PO may be inhibiting several of the PFK-2/FBPase isozymes simultaneously. Most transformed cells coexpress the PFKFB2-4 protein products at different ratios and the cells examined are no exception (ref. 21 ; data not shown). The substrate-binding domains of the four isozymes are highly homologous, and we anticipate that some degree of crossover inhibition will occur although 3PO was computationally selected to inhibit the PFKFB3 isozyme. Additionally, several other enzymes bind Fru-6-P and thus may be affected by 3PO, including transketolase, transaldolase, and glutamine:-Fru-6-P transferase. However, we did find that heterozygous PFKFB3 +/À transformed fibroblasts are more sensitive to 3PO than wild-type control cells and that induction of PFKFB3 protein expression protects Jurkat cells against compound 3PO. We speculate that the decreased Fru-2,6-BP concentration in the PFKFB3 +/À cells may sensitize the energy metabolism of the cells to further suppression of PFKFB3 activity as has been postulated for ras-transformed cells (21, 40) . Regardless, these observations provide direct support for the hypothesis that 3PO inhibits cellular proliferation through suppression of PFKFB3 activity.
Compound 3PO is a novel small-molecule inhibitor of the PFKFB3 isozyme that (a) reduces glycolytic flux resulting in cell growth inhibition, (b) is selectively cytostatic to transformed cells, and (c) inhibits tumorigenic growth in vivo. We have presented substantial evidence via genetic manipulations of PFKFB3 for the importance of PFK-2/FBPase activity as a metabolic target for compound 3PO and we anticipate that these results will support the further development of PFK-2/FBPase inhibitors as antineoplastic agents.
